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The loop between b-strands F and G in the coat protein of small RNA bacteriophages forms the interactions at the fivefold
and threefold (quasi-sixfold) icosahedral axes. In many cases, mutations in this region renders the coat protein unable to form
capsids. This FG loop has therefore been suggested to be of major importance for the virus assembly process by guiding
the assembly and helping to define the correct curvature of the virus shell. We have determined the crystal structure of a
phage fr capsid where the coat protein has a four-residue deletion in the FG loop. This mutant retains the ability to form virus
capsids of normal size but has a significantly lower temperature stability than the wild type. The structure reveals that the
mutated loops are flexible and too short to interact with each other. This seems incompatible with a role of the FG loop in
the regulation of capsid size. © 1998 Academic Press
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INTRODUCTION
Bacteriophage fr (Marvin and Hoffmann-Berling, 1963)
belongs to group I of small icosahedral RNA coliphages
(Leviviridae), infecting male Escherichia coli. Some re-
lated coliphages are MS2, f2, and R17 (group I), GA
(group II), and Qb (group III) (Fiers, 1979). The phage
particle consists of 180 chemically identical coat protein
subunits, arranged in a T53 icosahedral shell (Caspar
and Klug, 1962), enclosing one copy of the single-
stranded, positive-sense RNA. The 129 amino acid coat
protein is normally found as dimers or phage capsids.
The three quasi-equivalent protein chains in the icosa-
hedral asymmetric unit are denoted A, B, and C (Fig. 1a).
In native fr particles, there is also one copy of the A
protein (maturation protein), which is important for the
attachment to bacterial pili (Roberts and Steitz, 1967;
Paranchych et al., 1971).
The viral RNA is 3575 nucleotides in length and en-
codes only four proteins: the coat protein, the A protein,
a subunit of the viral replicase (RNA-dependent RNA
polymerase), and a lysis protein. The genome has 77%
identity to the MS2 genome (Adhin et al., 1990), and in the
coat protein only 17 of 129 amino acids differ from MS2.
The tertiary structure of MS2 coat protein has been
determined both for complete virus particles (Valegård et
al., 1990; Golmohammadi et al., 1993) and for coat protein
dimers (Ni et al., 1995). The structure determination of
recombinant fr capsids (Liljas et al., 1994) showed the
conformation to be virtually identical to that of MS2.
In addition to its structural role, the coat protein also
acts as a translational repressor of the viral replicase
(Sugiyama and Nakada, 1967). A dimer of the coat pro-
tein binds to a stem-loop structure at the initiation site of
the replicase gene (known as the operator sequence),
blocking the translation. This complex is also believed to
be the starting point for virus assembly in vivo (Hohn,
1969; Hung et al., 1969; Ling et al., 1970; Beckett and
Uhlenbeck, 1988).
The small, structurally simple RNA bacteriophages are
a convenient system for studying different biological in-
teractions at the molecular level, such as protein–RNA
interactions (Witherell et al., 1991; Stockley et al., 1995;
Johansson et al., 1997) and protein–protein interactions
involved in virus assembly (Knolle and Hohn, 1975; Hung,
1976; Pushko et al., 1993; Hill et al., 1997). The crystal
structures of several of these small RNA phage capsids
have been determined, including MS2 (Valegård et al.,
1990; Golmohammadi et al., 1993), Qb (Golmohammadi
et al., 1996), fr (Liljas et al., 1994), and GA (Tars et al.,
1997), as well as the structure of a complex of MS2
capsids and a short RNA hairpin containing the operator
sequence (Valegård et al., 1994, 1997). These structures
provide a good basis for site-directed mutagenesis.
Many mutants have been described (Peabody and Ely,
1992; Peabody, 1993; Pushko et al., 1993; Stonehouse
and Stockley, 1993; LeCuyer et al., 1995; Stockley et al.,
1995; Peabody and Lim, 1996), and for a few, the crystal
structure is known (Ni et al., 1995; Stonehouse et al.,
1996; van den Worm et al., 1998).
One feature of special interest in this group of viruses
is the process of virus assembly; a special set of inter-
actions is required to define the correct curvature of a
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T53 virus shell. The loop connecting b strands F and G
in the coat protein (Fig. 1a) has received much attention
in this respect since it forms the interaction at the five-
fold and threefold icosahedral axes. As six protein sub-
units interact at the threefold axis, it is commonly re-
ferred to as the quasi-sixfold axis (Fig. 1a). A number of
mutants with different kinds of deletions, insertions, and
substitutions in the FG loop have been constructed (Pea-
body and Ely, 1992; Peabody, 1993; Pushko et al., 1993;
Stockley et al., 1993; Stonehouse and Stockley, 1993;
LeCuyer et al., 1995), many of which failed to assemble
into capsids. The crystal structures of MS2 and fr cap-
sids revealed an extensive hydrogen bonding between
the FG loops at the five- and quasi-sixfold axes. At the
quasi-sixfold axis, the FG loops are in an extended
conformation, but at the fivefold axis it is bent back
toward the b sheet (Valegård et al., 1990; Golmoham-
madi et al., 1993; Liljas et al., 1994).
The above observations led to the proposition that the
viral assembly was in some way dependent on the FG
loop conformation and possibly also on its interactions
with other FG loops (Golmohammadi et al., 1993). The
interactions between the FG loops could stabilise the
capsid and define the correct interactions for forming the
T53 virus shell. In this work we present the crystal
structure of capsids of an fr coat protein mutant, frs5,
with a deletion of four amino acids in the FG loop, which
is still capable of forming virus capsids of normal size
and symmetry.
RESULTS AND DISCUSSION
Quality of the model
The model of the frs5 mutant includes all residues in
subunit A and C and residues 1–68 and 82–129 for
subunit B. The final R factor for all reflections between 30
and 3.5 Å is 0.26. The rms deviation from ideal values is
0.016 Å for bond length and 1.7° for bond angles. Two
representative views of the electron density is given in
Fig. 2. The good quality of the map despite the low
resolution depends on the 10-fold noncrystallographic
symmetry, which allows the phases to be determined
with high accuracy. At 3.5 Å, it is difficult to see the
details of the protein side chains. The density for the A
and C subunit FG loops is not as good as for the rest of
the protein (Fig. 2), but continuous density allowed the
protein chain to be modeled. In the B subunit, there is no
density above noise level for the entire FG loop, suggest-
ing that this part of the protein is disordered. The B
factors for the loops connecting the strands are generally
high, indicating a high degree of flexibility. The refined
model has only two residues in the Ramachandran dis-
allowed region as determined by Procheck (Laskowski
et al., 1993): GluA76 and GluC76, both situated in the
mutated FG loops.
Comparison with the wild-type structure
The coat protein monomer is composed of a central
5-stranded b-sheet flanked by two a-helices at the C
FIG. 1. Ribbon drawings of the wild-type fr coat protein (a) and the frs5 mutant protein (b). The figures show the three protein chains in the
icosahedral asymmetric unit: A, B, and C coloured yellow, green, and blue, respectively. Their dimer related chains; B9, A9, and C9 are coloured in paler
versions the colours. The twofold, fivefold, and quasi-sixfold (threefold) axes are indicated, as well as the quasi-threefold axis in the centre of the
asymmetric unit and the quasi-twofold between subunits A and B. Around the quasi-sixfold and fivefold axes, the FG loops of neighbouring subunits
have been drawn. This picture was drawn using Molscript (Kraulis, 1991).
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terminus and a b-hairpin at the N terminus (Fig. 1a). The
loops connecting the strands are short, except for the
loop between strands F and G. At very low concentra-
tions or at low pH, the coat protein is found as stable
dimers (Sugiyama et al., 1967; Beckett et al., 1988). The
bG strand of one monomer hydrogen bonds with the bG
strand of the other, forming a 10-stranded b-sheet in the
dimer, while the C-terminal helix binds in a groove
formed by the C-terminal helix and the N-terminal b-hair-
pin of the other monomer. The dimers form phage cap-
sids at increased concentration or pH.
The quasi-equivalence theory of Caspar and Klug
(1962) suggests how certain multiples of 60 identical
proteins can be arranged in an icosahedral shell with
similar packing interactions. In the case of the levivi-
ruses, which has the triangulation number three, five
subunits interact at the icosahedral fivefold axis and six
subunits pack similarly at the quasi-sixfold axis. Close to
these axes, the interaction involves mainly the FG-loops,
and it is also in this loop that the largest conformational
differences are seen among the A, B, and C subunits
(Valegård et al., 1990; Golmohammadi et al., 1993; Liljas
et al., 1994). The FG-loop conformation of A and C sub-
units is similar and extended, while the FG-loop in the B
subunit is bent toward the rest of the protein (Fig. 1a).
The difference between the deletion mutant and the
wild-type fr capsid structure can easily be seen in Figs.
1 and 3. The largest change is clearly in the FG loops. In
subunits A and C, the loops are shorter and wider than in
the wild type, and in subunit B, the loop is disordered.
The FG loops at the quasi-sixfold axis interact via
hydrogen bonds (Fig. 4) in the wild-type fr structure,
while in the mutant, the distance between the loops is
too long for any direct interaction. The absence of direct
FIG. 2. Stereo drawing of two regions of the 3.5-Å electron density map. The map has been contoured at the 2s level. The residues shown are from
left to right: C88–C92 with good density for side chains (a), A66–A80 (A70–A73 deleted) in the FG loop with poor or no density for the side chains
(b). Residues A66 and A80 are the last residue of the F strand and the first residue of the G strand, respectively (A and C subunits). This picture was
drawn using Bobscript, an extension of Molscript made by Robert Esnouf (Oxford, 1995, unpublished)
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interaction allows more flexibility of the loops which
explains the high-temperature factors.
At the fivefold axis, the FG loops of the wild-type B
subunits are in a well-ordered conformation (Liljas et al.,
1994). In the frs5 mutant structure, this loop is completely
disordered. The deletion of residues 70–73 results in the
loop being too small to allow direct contact with the
symmetry related loops and to the DE loop of the same
subunit.
Apart from the FG loops there are only minor changes
from the wild-type structure: the first residue of the A
subunit is in a slightly different position than in the wild
type, as supported by weak density. There is also a
movement of the long a-helix in the A subunit. In the
wild-type capsid, PheA95 at the N terminus of the helix
makes a hydrophobic interaction with ValB75 in the FG
loop of the B subunit. In the mutant model, the a-helix
has moved up to 1.2 Å away from the FG loop of the B
subunit. The movement is a translation along the axis of
the a-helix. In the mutant, ValB75 is disordered and the
helix is free to move slightly.
TrpB82 is the first residue in b-strand G following the
FG loop. In the wild-type fr structure, it forms a hydro-
FIG. 3. A superposition of the wild-type (dashed line) and frs5 mutant
(solid line) protein chains. The A, B, and C chains of the asymmetric unit
are shown. The only significant changes are in the FG loops. The
proteins have an rms distance of 0.53 Å for the whole asymmetric unit.
If the FG loops are removed, the rms distance is 0.40 Å.
FIG. 4. Detailed view of the interactions of the FG loops at the quasi-sixfold axis of fr wild-type protein (a), the quasi-sixfold axis of the frs5 deletion
mutant (b), the fivefold axis of fr wild-type protein (c), and the fivefold axis of the frs5 deletion mutant (d). Residues B69–B81 are disordered and are
not drawn. Hydrogen bonds are drawn as dashed lines.
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phobic contact with residues B67–B69. In the mutant
structure we see a 90° rotation of the sidechain of
TrpB82, which would be sterically impossible in the wild-
type structure, due to a collision with GluB76.
Temperature stability
As can be seen from Fig. 5, the frs5 mutant capsids
has a considerably lower temperature stability than the
wild-type capsids. The wild-type capsids are completely
broken at 68°C, but the mutant capsids break already at
50°C, a difference of 18°C. We believe that the loss of
hydrogen bonds between the FG loops is responsible for
this decrease in stability. Another interesting feature of
Fig. 5 is that the mutant capsids seems to leak out much
more RNA at temperatures just below the dissociation
temperatures (lanes 8–11) than the wild-type capsids.
This is probably explained by the larger holes at the
three- and fivefold axes of the mutant, which allows the
RNA to leak out. At temperatures where the capsids are
broken (lanes 6 and 12), aggregates that are too large to
enter the gel seem to be formed. A diffuse spot of partly
degraded RNA is seen in most lanes, especially for frs5.
Implications for assembly
A difficulty in constructing a virus capsid using multi-
ples of 60 subunits is that the chemically identical coat
protein subunits must form different contacts. In a num-
ber of plant and insect T53 viruses an N-terminal seg-
ment is either ordered or disordered in the three quasi-
equivalent subunits (Harrison et al., 1978; Abad-Zapatero
et al., 1980; Hogle et al., 1987; Hosur et al., 1987; Speir et
al., 1995; Canady et al., 1996). The function of these
‘‘arms’’ seems to be to regulate the packing during as-
sembly (Erickson and Rossmann, 1982; Sorger et al.,
1986; Johnson and Speir, 1997). There is no correspond-
ing segment in the small RNA coliphages. The only major
conformational difference among the subunits is found in
the FG loop, with the B subunit at the fivefold axis having
a radically different conformation compared to subunits
A and C at the quasi-sixfold axis. The FG loop is also
sensitive to mutations as shown by a number of studies
(Peabody and Ely, 1992; Peabody, 1993; Pushko et al.,
1993; Stockley et al., 1993; Stonehouse and Stockley,
1993; LeCuyer et al., 1995).
Proline 78, which is strictly conserved among all small
RNA bacteriophages is preceded by a cis-bond in the B
subunit in MS2, fr, and GA but by a normal trans-peptide
in the A and C subunits (Golmohammadi et al., 1993;
Liljas et al., 1994; Tars et al., 1997). Since proline resi-
dues form cis-peptides more often than other amino
acids, the conservation of this proline led to the sugges-
tion that it acts as a molecular switch, allowing the
special conformation of the FG-loop found in the B sub-
unit (Golmohammadi et al., 1993; Stockley et al., 1993;
Liljas et al., 1994). An MS2 coat protein mutant with a
Pro78Asn substitution formed normal capsids but with
slightly reduced thermal stability (Stonehouse and Stock-
ley, 1993). The crystal structure of this mutant revealed
that the AsnB78 had a normal trans-conformation while
the FG-loop was not substantially different from the wild
type, although with higher temperature factors (Stone-
house et al., 1996). Thus it was concluded that cis–trans
isomerisation is not necessary for formation of capsids
of the correct size. But the ability of the mutant coat
protein to form capsids does not mean that a phage with
this mutation is fully functional: a full-length clone of MS2
cDNA with the Pro78Asn mutation failed to produce
viable phages (Hill et al., 1997).
The capsids of small RNA phages can be regarded as
built up by 90 coat protein dimers rather than 180 mono-
mers. The AB dimers at the quasi-twofold axis and the
CC dimers at the twofold axis are very similar, in contrast
to other T53 viruses, where the angle between subunits
differ (Harrison et al., 1978; Hosur et al., 1987; Johnson
and Speir, 1997). The curvature of the shell is therefore
defined by the interaction between neighbouring dimers.
One possible pathway for assembly is the formation of
pentamers of AB dimers around a fivefold axis, followed
by the addition of single CC dimers (Golmohammadi et
al., 1993; Tars et al., 1997). For the pentamer of dimers to
form, the FG loop facing the fivefold axis cannot have the
extended conformation of the A or C subunits, since the
loops would then collide. The short FG loop in the frs5
mutant appears to be highly flexible, but capsids are still
formed. Apparently, as long as they do not collide, there
may be a number of different conformations for the FG
loop of the B subunit. This seems to be incompatible with
a role as a switch for the FG loop.
FIG. 5. Photograph of an EtBr-containing gel exposed to UV light. The
coat protein dimer has a very high affinity for the viral RNA and also
acts as a translational repressor of the coat protein gene (Sugiyama
and Nakada, 1967). When the fr or frs5 proteins are expressed recom-
binantely, significant amounts of cellular RNA is incorporated into the
capsids (Pickett and Peabody, 1993). The RNA within the capsids (and
free RNA) is clearly visible. Lane 1: fr wild-type recombinant capsids at
room temperature. Lanes 2–6: fr wild-type recombinant capsids which
have been heated to 60, 62, 64, 66, and 68°C, respectively. Lane 7: frs5
recombinant capsids at room temperature. Lanes 8–12: frs5 recombi-
nant capsids which have been heated to 42, 44, 46, 48, and 50°C,
respectively.
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There are three major regions of interaction between
adjacent dimers, (1) between the FG loops at the fivefold
or quasi-sixfold axes, (2) close to the quasi-threefold
axis, involving the CD loop and the C termini, and (3)
between those regions where the DE loop interacts with
the loop connecting bG and the a-helix. The interactions
at these surfaces are generally different and also varies
with the species. But there are a few conserved contacts;
The N39OO94 quasi-threefold is present in all quasi-
equivalent interactions and is conserved in all known
structures. Another contact between main chains,
O23ON127, is conserved in MS2, fr, and GA (Tars et al.,
1997). When a CC dimer is added, N39OO94 contacts
are formed, but for steric reasons close to the quasi-
threefold axis only one of the O23ON127 bonds can
form. These differences in packing interactions seem to
be sufficient to define the geometry of the T53 shell.
The starting point for the virus assembly is believed to
be a coat protein dimer bound to one molecule of
genomic RNA (Hohn, 1969; Hung et al., 1969; Ling et al.,
1970; Beckett and Uhlenbeck, 1988). Capsids can easily
form from recombinant coat protein in the absence of
viral RNA, but significant amounts of cellular RNA are
unspecifically incorporated into the capsids (Pickett and
Peabody, 1993). It has also been shown that the pres-
ence of viral RNA stimulates capsid formation at lower
coat protein concentrations (Beckett and Uhlenbeck,
1988).
At present the role of RNA in capsid formation is
unclear. It remains possible that the RNA binding in-
duces a conformational change in the protein (Golmo-
hammadi et al., 1993; Stockley et al., 1993), making it
more prone for capsid formation. Comparisons of the
subunit conformation in particles, capsid complexes with
specifically bound RNA fragments, and RNA free dimers
(Ni et al., 1995), however, do not suggest any changes
that can explain this fact.
MATERIALS AND METHODS
The deletion mutant, frs5, was obtained using plasmid
pfrd8, carrying the cloned fr coat protein gene. The
unique internal restriction site StyI and nuclease Bal31
were used to produce a shortened FG loop, with a
deletion of amino acids 70–73 (Fig. 6), essentially as
described earlier (Pushko et al., 1993). The mutant was
expressed under a tryptophane promoter in Escherichia
coli strain K802. Cells were lysed with lysozyme and
debris removed by centrifugation. The lysate was applied
to a CL-4B column and fractions were analysed by SDS–
PAGE and precipitated with 50% ammonium sulfate.
Temperature stability of the recombinant capsids and
of fr wild-type recombinant capsids was determined by
heating aliquots of the proteins in 20 mM Tris–HCl, pH
8.0 for 15 min to respective temperatures. The tempera-
tures were chosen in intervals of 2°C. After heating, the
tubes were frozen in 280°C until all temperature ali-
quots had been heated. Twenty microliters of each ali-
quot were run on an EtBr-containing agarose gel (1%),
FIG. 6. Sequence alignment of five small RNA coliphages and the frs5 mutant. fr and MS2 belong to group I, GA to group II, Qb to group III, and
SP to group IV. Letters above the alignment indicate what secondary structure element the sequence is part of, uppercase letters for b-strands and
lowercase letters for a-helices. The helices are named from a to b and the strands from A to G (strands F and G as defined in the B subunit).
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and the RNA associated with the capsids visualised by
UV-radiation. The results are presented in Fig. 5.
Crystals were produced by vapour diffusion, using the
hanging drop technique in 0.1 M NaCl, 0.1 M Bicine, and
30% w/v PEG monomethylether 550 (Hampton Crystal
Screen II, solution 46). Crystals of 0.5–1.0 mm size grew
up in 1 week. By contrast, wild-type fr recombinant cap-
sids were crystallised in hanging drops containing 10%
saturated ammonium sulfate in 50 mM MOPS (pH 7.5)
and 0.02% (w/v) NaN3 which were equilibrated against
30% saturated ammonium sulfate in 50 mM MOPS (pH
7.5) at 20°C (Bundule et al., 1993). These conditions have
no similarity to the crystallisation of frs5, which is not
unexpected since mutant proteins often require different
crystallisation conditions than their wild-type counter-
parts.
Data were collected at a wavelength of 0.87 Å at
station 9.6 of the S.E.R.C Daresbury Synchrotron Radia-
tion Source, UK. The diffraction images were recorded
using a MAR Research image plate detector and an
oscillation angle of 0.5°. Diffraction patterns of a single
crystal were recorded to 3.5 Å resolution at room tem-
perature. The images were processed with Denzo (Otwi-
nowski and Minor, 1996) and scaled using Scalepack
(Otwinowski, 1993). The scaling R factor and degree of
completeness as a function of resolution is shown in
Table 1. The crystals were of space group R32 with cell
dimensions a 5 b 5 264.1 Å, c 5 654.2 Å in the hexag-
onal setting. The crystal asymmetric unit contains one-
sixth of a particle.
The orientation of virus capsids in the unit cell was
determined using the self rotation function in the pro-
gram GLRF (Rossmann and Blow, 1962; Tong and Ross-
mann, 1990). The only possible position of an frs5 parti-
cle in a cell of this size is at the intersection of a two- and
a threefold axis, thus only two different orientations were
possible. Wild-type fr capsids crystallise in space group
C2 (Liljas et al., 1994) with a packing entirely different to
frs5. Phage MS2, which crystallises in space group R32,
also has the particles positioned at special sites with 32
symmetry and with one-sixth of a particle in the asym-
metric unit (Golmohammadi et al., 1993). In that case,
however, the particle fivefold axes are along the rhom-
bohedral axes. Initial phases were determined with mo-
lecular replacement, using the refined model of recom-
binant wild-type fr capsids (Liljas et al., 1994).
The virus shell contains 60 identical units because of
its icosahedral symmetry. These are called the icosahe-
dral asymmetric units and in this case (T53) each unit
contains three copies of the coat protein. The electron
density in the asymmetric units can be averaged, but
because the particle is situated at points with 2- and
3-fold symmetry in the crystal, only 10-fold noncrystallo-
graphic symmetry can be used in this case. A mask
based on native fr coordinates was calculated using the
program MAMA (Kleywegt and Jones, 1993, 1994), and
the phases were improved by cyclic averaging of the
electron density over the noncrystallographic symmetry
with the program AVE (Jones, 1992; Kleywegt and Jones,
1994). After five cycles of averaging, the map correlation
coefficient had improved from 0.84 to 0.91.
The fr wild-type model was rebuilt according to the
frs5 sequence (Fig. 6) using the program O (Jones et al.,
1991). For simplicity, the numbering of the residues is the
same as for the wild-type structure. All residues could be
built into the density, except residues 69–81 in the B
subunit for which there was no density above noise level.
Refinement with the conjugate gradient method was
done using the program XPLOR (Bru¨nger, 1990) and
Engh and Huber parameters (Engh and Huber, 1991).
Coordinates and restrained individual temperature fac-
tors were refined for all atoms with the 10-fold noncrys-
tallographic symmetry constrained. Initially the model
had an R factor of 0.32, which after refinement dropped
to 0.26. The refined coordinates have been submitted to
the Protein Data Bank with Accession code 1fr5.
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TABLE 1
Scaling R-Factor and Degree of Completeness
as a Function of Resolution
Resolution R-factor
No of
reflections
Degree of
completeness
9.50 0.096 2940 50.6
7.54 0.097 3170 56.4
6.59 0.114 3283 58.9
5.98 0.136 3279 59.0
5.56 0.144 3259 58.9
5.23 0.156 3289 59.5
4.97 0.160 3301 59.8
4.75 0.171 3236 58.9
4.57 0.165 3201 58.2
4.41 0.166 3137 57.2
4.27 0.178 2971 53.9
4.15 0.199 2743 50.0
4.04 0.205 2525 46.0
3.94 0.238 2211 40.5
3.85 0.235 2057 37.5
3.77 0.266 1904 34.7
3.69 0.278 1735 31.9
3.63 0.255 1635 29.6
3.56 0.378 1505 27.6
3.50 0.387 1419 26.0
Total 0.139 52800 47.8
Note. The R-factor columns show Rmerge at scaling: Rmerge 5 ShSi_Ih
2 Ihi_/ShSiIhi, where Ih is the mean of intensity observations Ihi of
reflection h.
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